Abstract Samples from two ice cores drilled at Lomonosovfonna, Svalbard, covering the period 1957-2009, and 1650-1995, respectively N has an average of (À6.9 ± 1.9)‰, which is lower than the isotopic signal known for Summit, Greenland but agrees with values observed in recent Svalbard snow and aerosol. Pre-1900 δ 15 N has an average of (4.2 ± 1.6)‰ suggesting that natural sources, enriched in the 15 N isotope, dominated before industrialization. The post-1950 δ 18 O average of (75.1 ± 4.1)‰ agrees with data from low and polar latitudes, suggesting similar atmospheric NO y (NO y = NO + NO 2 + HNO 3 ) processing pathways. The combination of anthropogenic source δ 15 N and transport isotope effect was estimated as À29.1‰ for the last 60 years.
Introduction
The atmospheric reactive nitrogen (N r ) load has increased as a consequence of human activities [Mosier et al., 2002] . N r can alter the atmosphere, cryosphere, hydrosphere, and marine and terrestrial ecosystems as it transforms along pathways in the biochemical cycle, in a way that has been described as the "nitrogen cascade" [Galloway et al., 2003] . Airborne nitrogen species are easily transported over meso-(10 2 km) and large-(10 3 km) spatial scales [Holland et al., 1999] and the increase in the long-range atmospheric transport of N r from low to high latitudes is thought to have generated a concentration increase in the Arctic environment [Mayewski et al., 1990; Laj et al., 1992; Fischer et al., 1998; Goto-Azuma and Koerner, 2001; Kekonen et al., 2002; Burkhart et al., 2006] . Chemical analyses of ice cores have shown a twofold increase in nitrogen deposition in Greenland during the last 100 years [Laj et al., 1992; Fischer et al., 1998; Burkhart et al., 2006] and in Svalbard since the midtwentieth century [Goto-Azuma and Koerner, 2001; Kekonen et al., 2002] . Nitrate (NO 3 À ) concentrations reached a maximum during the mid-1970s at Svalbard, followed by a decrease between the mid-1980s and late-1990s [Samyn et al., 2012] in agreement with N r emission trends [Lamarque et al., 2010] . Due to its remote and relative pristine location, the Arctic has very fragile nitrogen-limited ecosystems that can be altered by relatively small increases of dry or wet deposition of N r [Shaver and Chapin, 1980; Atkin, 1996; Aanes et al., 2000; Dickson, 2000; Rinnan et al., 2007] .
Various studies have been undertaken to trace NO x (NO x = NO 2 + NO) sources and sinks in the Arctic [Jarvis et al., 2008; Morin et al., 2008] . These studies have often focused on the processes occurring in the snowpack involving NO x , NO 3 (NO y = NO + NO 2 + HNO 3 + other nitrogen oxidation products) species affects the nitrogen isotope delta of the final NO 3 À [Begun and Melton, 1956; Brown and Begun, 1959] . [Michalski et al., 2003] . This allows characterizing the seasonal variability in NO 3 À production pathways in the Arctic [Morin et al., 2008] . NO 3 À data from different ice cores drilled in Svalbard (Snøfjellafonna, Vestfonna, Austfonna, and Lomonosovfonna) show that NO 3 À concentrations increased 3-4 times over this region between 1950 and the late-1960s with a subsequent decrease since the late-1970s in Snøfjellafonna and Vestfonna [Goto-Azuma et al., 1995; Goto-Azuma and Koerner, 2001; Samyn et al., 2012] . A similar trend was observed in a Lomonosovfonna ice core drilled in 1997 [Kekonen et al., 2002; Samyn et al., 2012] showing a sharp increase starting in the 1950s, reaching maximum values during the 1970s and then a rapid decrease between the mid-1980s and 1997, behavior which is consistent with global N r emission trends [Lamarque et al., 2010] .
In this study, we present combined measurements of stable N and O isotopic ratios of NO 3 À in two ice cores drilled at Lomonosovfonna, Svalbard, in 1997 and , covering the period from 1650 to 2009. This is the first of such records to be developed from the Norwegian Arctic. We use our measurements to estimate anthropogenic contributions to NO 3 À inputs to this sector of the Arctic and discuss potential processes that may affect the isotopic record either during air transport, deposition, or postdeposition. We also compare the Lomonosovfonna ice core record of NO 3 À deposition with time series of atmospheric concentrations of nitric acid (HNO 3 ), aerosol NO 3 À (NO 3 À (p) ), and NO 3 À in precipitation (NO 3 À (aq) ), measured at Zeppelin Mountain, in Ny-Ålesund, Svalbard .
Study Site and Methods
The Svalbard archipelago is located between 74°and 80°N, and between 10°and 35°E (Figure 1 ). It is positioned in a geographical area that experiences high climatic variations over the year. Polluted air masses from central Europe, Scandinavia and north western Russia reach Svalbard during winter Hirdman et al., 2010] . Furthermore, circumpolar circulation patterns transport polluted air masses from Eastern North America across Iceland, but when these air masses reach Svalbard, their pollutant concentrations are significantly depleted due to precipitation over the ocean [Barrie, 1986] . According to a 10 year climatology of long-range atmospheric transport to Ny-Ålesund, Svalbard (Figure 1 ), eight major transport patterns were identified to arrive at Ny-Ålesund [Eneroth et al., 2003] . These transport patterns were clustered in two groups: (a) transport across the Arctic Basin and (b) transport originated from Eurasia and the Atlantic. During spring and summer, stable weather conditions and low cyclonic activity produce stagnant flow regimes and the air masses remain mostly confined to the Arctic Basin (a); while during autumn and winter, intense cyclonic activity dominates and air masses are transported from Eastern North America, North Atlantic, Northern Europe, and Eurasia (b).
The average snow accumulation rate at Lomonosovfonna has been estimated as (0.2 ± 0.1) m a À1 w.e.
(meters water equivalent per year) between the eighteenth century and the first half of the twentieth century, and as (0.4 ± 0.1) m a À1 w.e. in the second half of the twentieth century [V. .
Two parallel ice cores, LF-09 (37 m depth) and LF-09 deep (150 m depth), were drilled in 2009 at Lomonosovfonna, Svalbard (78°49'24"N, 17°25'59"E, and 1200 m asl (above sea level)) by a Norwegian-Swiss-Swedish ice drilling expedition [Wendl et al., 2011] (Figure 1 ). In addition, samples from an ice core drilled in 1997 (LF-97, 121 m depth) [Isaksson et al., 2001] were also analyzed for NO 3 À concentrations and NO 3 À stable isotopes. The LF-97 ice core was drilled 4.5 km north of the LF-09 site and has been widely published. Of the two parallel ice cores drilled in 2009, NO 3 À isotopologues were only measured in the shorter LF-09 ice core. In addition, 24 samples of the LF-97 ice core [Isaksson et al., 2001] were analyzed for NO 3 À isotopologues. These LF-97 samples were collected from the remaining ice, which had been kept frozen at À20°C since 1997, and represent an estimated time span between 1652 and 1995 [Isaksson et al., 2001; Divine et al., 2011] . In order to minimize contamination of the ice and firn samples during preparation and analyses, all the materials used (bags, cutting tools, tubes, and bottles) were rinsed with ultrapure water (18 MΩ cm). Disposable polyethylene powder free gloves, particle masks, and clean overalls were worn during cutting and analyses. The LF-09 ice core subsections (the average length of each subcore was (62 ± 12) cm) were measured, photographed, and weighed in the cold room at the Norwegian Polar Institute, Tromsø, Norway, while the cutting of the LF-97 samples was done at the Department of Earth Sciences, Uppsala University, Sweden. The cleaning and cutting of the firn and ice subcores were done using a stainless steel band saw and table, which were cleaned at least 5 times with acetone (Merck) before cutting. To ensure the cleanness of the cutting table and saw, blank ice blocks were cut and sampled before processing the ice core.
The samples to be analyzed for major ions and for N and O isotope ratios of NO 3 À were taken from 1/8 of the ice core area (the ice core has 8 cm of diameter). About 1-2 cm were removed from the outer part of each core section to prevent any contamination caused by the drill, storage, and handling; the drilling process was done without using any fluid. Blocks of 1.8 cm side × 1 cm side × 8 cm long were used for ions and, 4 cm side × 1 cm side × length of each subcore blocks were used for NO [Casciotti et al., 2002; Kaiser et al., 2007] requires a minimum of 10 nmol of nitrate (20 nmol being optimum) in at most 13 mL of sample. For this reason, all samples with NO 3 À < 1 μmol L À1 were concentrated using lyophilization (freeze drying the samples until a final volume of about 10 mL) until they reached a concentration > 1 μmol L
À1
. Only eight samples were too low in concentration after freeze drying, to be analyzed. All samples were filtered using 0.2 μm syringe filters (Minisart PES), collected in clean plastic tubes, and kept frozen until isotopic analysis.
To determine how the lyophilization process may affect δ 15 N and δ
18
O in ice cores, six bulk surface snow samples taken on 8 May 2010 at Austre Brøggerbreen, Ny-Ålesund, were used as test. The concentrations and isotopic composition of NO 3 À in these samples were measured before and after freeze drying (Table 1 ).
It was found that there is a linear correlation (r = 0.60) between the differences in δ
15
N and the concentration factor resulting from freeze drying. A concentration factor of 10 led to a 0.33‰ increase of δ 15 N. Low correlation was found (r = À0.14) between the differences in δ 18 O and the concentration factor, after and before freeze drying.
Considering that the observed range of δ 15 N in the LF-09 ice core is about 15‰ and that the concentration factors for most of the lyophilized LF-09 samples were < 10, the changes in δ 15 N due to sample preconcentration are negligible compared to the environmental variability and can be disregarded. [Moore et al., 2012] . By using this method, it was possible to identify potential volcanic horizons in the LF-09 sulfate record, which were used to further constrain the time scale. Figure 2 shows the residuals of the multilinear regression model when Na
, and Mg 2+ concentrations were used as inputs to the model, and a window of 100 points (from a total of 444 samples) was used. Only the peaks found with a 99% significance level were considered to assign a possible volcanic eruption (with the exception of the peak associated with the Agung volcanic eruption found at 22.97 m w.e. O-H 2 O record and bottom depths. The manual counting was done down to 23.6 m w.e., where the tritium peak (open circle) was identified in the LF-09 deep ice core [Wendl et al., 2011] . The Agung (asterisk), El Chichón (cross), and Pinatubo (plus) volcanic eruptions found in the sulfate LF-09 ice core data were used to constrain the time scale obtained by using the automated δ
18
O-H 2 O cycle counting.
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The average temporal resolution for each ice core sample of NO 3 À isotopes is ≈ 0.9 years. Considering that the melt index (defined as the ratio between ice affected and not affected by melting) of an earlier ice core, LF-97, drilled ≈ 4.5 km NE from the LF-09 drilling site, was estimated as 55% [V. A. , the isotope deltas and major ion data presented here were smoothed with moving average windows of 5 and 50 points (≈ 5 years), respectively, to minimize potential artifacts in the annual isotopic record caused by percolation and refreezing of melt water.
Results
We have divided our data sets in two periods: post-1950 and pre-1950. The period post-1950 is covered by the LF-09 ice core entirely and reflects industrialized times. On the other hand, the period pre-1950 contains data from the LF-97 ice core between 1650 until 1950 and covers both preindustrial and industrial times. Further in section 5.2 we refer to preindustrial sources as pre-1900 values. This temporal separation has been followed in this study considering the global fossil fuel combustion emission increase observed after 1900 [van Aardenne et al., 2001] .
Post-1950 Period
The results of the LF-09 NO 3 À stable isotopes and NO 3 À concentrations are shown in Figure 4 . All LF-09 δ 15 N values were found to be negative with an average value of (À6.9 ± 1.9) ‰, which is in contrast to the observations in post-1950 Greenland ice [Freyer et al., 1996; Hastings et al., , 2009 , where the δ 15 N average was (0.5 ± 2.4)‰ (Table 2) between 1650 and late 1800s, with a mean of (4.2 ± 1.6)‰ (N = 18). A decreasing trend is observed since late 1800s until 1995, with a mean of (À4.6 ± 4.5)‰ (N = 6), which agrees with the negative values found in the LF-09 ice core for the post-1950 period. The δ 18 O values were stable for the covered period, with a mean of (64.9 ± 8.0)‰ which is much lower than the values observed during the post-1950 period. LF-97 δ 15 N results show a decreasing trend similar to the one reported for Greenland [Hastings et al., 2009] . This indicates that the transition from natural sources (e.g., lightning, soil emissions, and forest fires) during preindustrial times, toward a combination of natural and anthropogenic sources observed at Greenland [Hastings et al., 2009] A comparison between the LF-97 samples previously reported [Isaksson et al., 2001; Kekonen et al., 2002] and the ones reanalyzed in this work is shown in Figure 6 , where it can be observed that both data sets are [Arthern et al., 2006; Hanna et al., 2006] ), the average accumulation rate of (0.55 ± 0.1) m a À1 w.e.
for the last 60 years at the LF-09 drilling site ( Figure 7) does not support the hypothesis that postdepositional NO 3 À loss is relevant at Lomonosovfonna. [Freyer et al., 1996; Wagenbach et al., 1998; Savarino et al., 2007; Morin et al., 2008; Frey et al., 2009; Savarino and Morin, 2011] , with NO 3 À photolysis being correlated with the snow-illumination index . This is at its maximum during springtime for polar regions, when snow is still present and the solar input is high, [Førland et al., 2011] indicate that most of the precipitation at Svalbard is registered during the winter and autumn seasons for the last decades and that dry deposition only accounts in average 14% of the total deposited NO 3 À in a central Svalbard glacier during 2009-2010 .
Moreover, it has been registered that recent average spring-summer precipitation at Ny-Ålesund and Longyearbyen airport has been slightly lower than the reference period , while winter-autumn precipitation has increased [Førland et al., 2011] . Considering the previous and keeping in mind an average dry deposition effect on the order of the values reported by Björkman et al. [2013] , it is unlikely that the decreasing trend observed in the ice core δ 15 N could be produced by a local production, transport, and redeposition of photo-induced products carrying depleted δ 15 N signatures.
Ice Core δ 15 N and Possible Sources
The values of δ 15 N from natural and anthropogenic sources vary within a vast range [Li and Wang, 2008; Hastings, 2010, and references therein; Felix et al., 2012] . The ice core results reported for Greenland [Hastings et al., 2009] revealed that high preindustrial δ 15 N values, on the order of 9.0‰, point to a natural NO x source that has a higher 15 N/ 14 N ratio than the sources described for present times [Hastings, 2010] . However, a recent study by Erbland et al. [2012] suggests that shifts of +18.7‰ in δ 15 N detected at Summit, Greenland [Hastings et al., 2005] could be explained in terms of changes in nitrate postdepositional effects rather than pointing to a natural source of high 15 N/ 14 N. Our preindustrial results (Figure 5a ) show positive δ 15 N values also in Svalbard but about 7‰ lower than in the Greenland record [Hastings et al., 2009] . This offset in δ 15 N is observed along the whole LF-97 record and may be associated with differences in long-range atmospheric transport between Greenland and Svalbard [Kahl et al., 1997; Eneroth et al., 2003; . At Summit, a 44 year climatology show dominant source regions and transport routes located at East Asia (winter and spring), North America (summer), and the North Pacific (autumn) [Kahl et al., 1997] . While a different situation occurs at Svalbard, as mentioned in section 2, with stagnant flow regimes and air masses confined to the Arctic Basin (spring and summer) and transport from Eastern North America, North Atlantic, Northern Europe, and Eurasia, during autumn and winter [Eneroth et al., 2003] A simple isotope-mass balance [Freyer et al., 1996] was used to estimate the anthropogenic contribution (δ 15 N ant ) to the total ( t ) nitrate concentration of c t (NO 3 À ) = 0.9 μmol L À1 with an isotope delta of δ
15
N post-1950 = (-6.9 ± 1.9) ‰ measured in the LF-09 ice core post-1950 (Table 2 ). The pre-1900 NO 3 À concentration of c nat (NO 3 À ) = 0.6 μmol L À1 with an isotope delta of δ 15 N pre-1900 = (4.2 ± 1.6)‰ measured in the LF-97 ice core are assumed to represent natural sources. Designating the transport isotope effect as ε (equivalent to nonsource-related effects such as kinetic fractionation [Freyer, 1991] ), the pre-1900 nitrate isotope delta is
where δ 15 N nat (and δ 15 N ant ) represent the isotopic composition at the source (before transport to Svalbard).
The isotope delta post-1950 can be calculated as follows:
with f = c nat /c t . Equation (3) assumes that the transport isotope fractionation is the same for natural and anthropogenic sources. The sum of anthropogenic source delta and transport isotope effect can be calculated as follows:
From equation (4), ε can be derived as follows:
Consequently, δ 15 N ant can be calculated from the emission fraction weighted delta values of combustion and soil sources (f comb and f soil , respectively) ( Table 3) as follows:
using average δ
N values [Li and Wang, 2008; Hastings, 2010; Felix et al., 2012;  this study] (Table 3 ) and source f comb and f soil (specific source NO x emission/total NO x emission) of the most relevant NO x source regions to Svalbard (United States, OECD Europe, and Russian Federation) [Samyn et al., 2012] (Table 3) (Table 3) . (Table 3) . Transport isotope fractionation (ε) was estimated as À31.6 to À31.9‰ for the United States, OECD Europe, and Russian Federation regions (Table 3 ).
In equation (6), we have used the average value of δ 15 N associated to both mobile and stationary sources ( According to Freyer et al. [1993] , variations in sample δ 15 N values can be explained by the combination of changes in NO x source strength and non-source-related processes (i.e., isotope fractionation during transport and kinetic or equilibrium reactions). Within the different non-source-related processes affecting the δ 15 N values, the kinetic effects are especially tentative to point as causing the low δ 15 N values observed in the LF-09 ice core. However, it should be mentioned that our simple isotope-mass balance model (equations (2)- (6)) does not account for possible temporal changes in the relevance of different non-source-related processes and considers those processes as constant during the time period covered by the LF-09 record. Consequently, our model emphasizes NO x source strength variability to explain the temporal changes observed in the present isotopic data series.
When comparing the total NO x emissions from the three main NO x source regions assumed to influence the Arctic [Felix and Elliot, 2013] : United States, OECD Europe, and Russian Federation, between 1960 [van Aardenne et al., 2001 ; EC-JRC/PBL. EDGAR version 4.2, 2011], with the NO 3 À quantified in the LF-97 [Kekonen et al., 2002] , and LF-09, ice cores (Figures 8a and 8c) , it is observed that the NO 3 À ice core data reproduces the higher emissions of NO x during the 1970s and 1980s and their posterior decrease toward the 1990s. The total NO x emissions are dominated by fossil fuel combustion, which are assumed to be one of that responsible for the transition from positive ice core δ 15 N detected between preindustrial (pre-1900 LF-97 samples) and lower δ 15 N in post-1950 samples (LF-09). In addition, it has been recently reported [Felix and Elliot, 2013] that the low ice core δ 15 N values registered at Summit during the post-1920 period correlate with the increasing use of fertilizers over the United States. This suggests changes in NO x sources, from biomass burning (plus lightning and other unknown natural sources) during preindustrial times, a combined biomass burning/fossil fuel source dominating the beginning of industrialization, to a biogenic source linked to the use of fertilizers over the last century is recorded as a decreasing trend in the δ 15 N of NO 3 À in ice. This source scheme explains the trend observed by Hastings et al.
[2009] for Greenland ice core data and also gives new insights in the combined NO x sources that might be also recorded at Lomonosovfonna, with emphasis in fertilizers usage over Europe as responsible for the low δ regions affecting Svalbard. As it can be observed in Figure 8f , N-based fertilizers consumption has increased in the last decades in Western Europe and the United States, which contributes to more productive soil, therefore enhancing soil NO x emissions.
Correlation coefficients at the 95% confidence interval between fertilizer consumption and δ [van Aardenne et al., 2001] were also included (black circle) to complete the time series back to 1960. Due to differences in the region classification between van Aardenne et al. [2001] and the EC-JRC/PBL. EDGAR version 4. Figure 8e) . Back-trajectory studies [Eneroth et al., 2003; Stohl et al., 2007] have shown Siberia and Alaska as potential forest fire regions that affect the Arctic. Therefore, it is possible to connect the increase on δ data. This could indicate that the NO 3 À stable isotopic ratios depend more on the NO 3 À gas-particle relationship in the atmosphere than on the final deposited NO 3 À concentrations. It has been recently There is a large interannual variability on these strong nitrogen deposition events and also spatial differences in depositional patterns [Kühnel et al., 2011] , which increase the complexity of a direct comparison between the Zeppelin Station atmospheric data and the LF-09 ice core record. ) values are 0.50 and À0.12, respectively, which can be interpreted as a change in the depositional patterns over Lomonosovfonna between periods I and II. It is also evident that NO 3 À correlates much better with sulfate than with ammonium during period II, which points to NO 3 À being codeposited with sulfate over the last 20 years more effectively than in period I.
Average stable isotope deltas and NO 3 À concentrations measured in the LF-09 and LF-97 cores are summarized in Table 2 , along with snow and aerosol δ 15 N and δ 18 O data from Ny-Ålesund, Svalbard [Heaton et al., 2004; Morin et al., 2009; Björkman, 2013; Björkman et al., 2014] , and ice core results for Summit [Freyer et al., 1996; Hastings et al., , 2009 The r values were calculated for the whole core period 2009-1957, 2009-1990, and 1990-1957 . The breakdown was chosen as 1990 where concentrations were stable after the fast decrease during the 1980s. Significant r values (p < 0.05) were written in bold letters.
Journal of Geophysical Research: Atmospheres
10.1002/2013JD020930
The LF-09 δ 18 O results are in agreement with previous published data for low and polar latitudes Morin et al., 2009 Morin et al., , 2012 , which points to similar oxidation pathways at both sites. However, three of four LF-97 samples that overlap with the LF-09 ice core showed 20 to 30‰ lower δ 18 O values than the LF-09 samples ( Figure 5 ). Potential analytical errors, as reason for the low δ
18
O values, have been ruled out, since standards, reproducibility, and blank values were all normal during the analyses. We have also ruled out that isotopic exchange with water at some stage during storage, transport, or analysis of the samples, might have caused the low δ
O values for the LF-97 samples since it has been recently estimated that the half-life for oxygen isotope exchange at natural conditions (25°C, pH 7) is in the order of 5.5 × 10 9 years [Kaneko and Poulson, 2013] .
At the moment, we have not found an explanation to account for the low δ 
Conclusions
It is evident from the LF-09 ice core record that the effect of anthropogenic sources is visible in the last decades and registered as low δ
15
N values. We suggest that the NO 3 À stable isotopic signal recorded at Lomonosovfonna is influenced mainly by fossil fuel combustion, soil emissions, and forest fires; the first and second being responsible for the marked decrease in δ The results presented in this study suggest that the NO 3 À stable isotopic record from Lomonosovfonna describe the different sources of the NO 3 À found in the ice, either natural or anthropogenic. However, more knowledge on δ 15 N and δ 18 O fingerprints of NO x sources, fractionation processes occurring during transport, local oxidation processes, and the snowpack NO x emission effect on the ice core record at Lomonosovfonna, is needed to reinforce the NO x source characterization from the ice core data. The currently limited knowledge regarding the processes of N r fractionation within air masses traveling to polar regions, restrict us in exploring the signature of anthropogenic NO x that may suffer 15 N depletion, causing the low values of δ 15 N measured in the LF-09 ice core during the post-1950 period. We have evidence that fresh snow samples deposited at Ny-Ålesund by air masses backtracked to South-Easterly sources [Björkman, 2013; Björkman et al., 2014] have low δ 15 N, which reinforces the idea that the depletion of 15 N isotopes takes place during transport most probably due to kinetic fractionation.
The effects of local snow photochemistry emissions are ruled out as source of depleted snow δ 15 N, since photolysis will positively fractionate 15 N between the snow and the air. Moreover, low NO x fluxes has been measured for Svalbard snow emissions during springtime [Beine et al., 2003; Amoroso et al., 2006; Björkman, 2013; Björkman et al., 2014] , which implies that local production of HNO 3 from NO x snowpack emissions, might not have a significant effect on the final 15 N depleted NO 3 À measured in the ice. The deposition of NO 3 À from air masses traveling over snow-covered areas that bare NO 3 À depleted in 15 N by photolysis, has been also ruled out as a contributor to the low δ 15 N registered at Lomonosovfonna since most of the precipitation at this region occurs during autumn and winter when no photolysis takes place at this latitude and dry deposition of NO 3 À in Svalbard sites has been found low.
The results of this study represent the first data set of stable isotopes in NO 3 À measured in Svalbard ice cores, thus contributing and improving our understanding of the sources of nitrogen found in the High Arctic. 
